Objective: The objective of this study was to elucidate the role of the superficial region of 34 articular cartilage in determining the dynamic properties of the tissue. It is hypothesised that 35 removal of the superficial region will influence both the flow dependent and independent 36 properties of articular cartilage, leading to a reduction in the dynamic modulus of the tissue. 37
Introduction 55
Articular cartilage is a thin layer of highly specialized tissue that functions to support and 56 redistribute joint contact forces and to reduce friction within the joint. It is comprised of a 57 specialised cell type; chondrocytes, embedded in an abundant fluid filled extra-cellular matrix 58 (ECM) that consists mainly of a collagen type II network containing water and the large 59 aggregating proteoglycan aggrecan, the latter of which consists of a protein core to which 60 numerous negatively charged glycosaminoglycan (GAG) side chains are attached [1] [2] [3] . 61
Articular cartilage demonstrates a depth dependent heterogeneous composition and ultra-62 structure, traditionally divided into three distinct zones. Each zone has a distinct ECM 63 composition, organisation and cell morphology, with the shape and arrangement of the 64 chondrocytes in these zones believed to be related to the local architecture of the collagen 65 fibrils within the solid matrix [4] . In the superficial tangential zone (STZ) collagen fibres are 66 densely packed and orientated parallel to the articular surface while the proteoglycan content 67 is lowest. In the middle zone (MZ) the collagen fibres are larger, less dense and arcade from a 68 parallel to a perpendicular orientation resulting in a more random organisation. The 69 concentration of PG aggregates increases with depth from the articular surface negatively 70 correlating to decreases in water content and thus resulting in higher swelling pressures with 71 tissue depth [5] . Finally in the deep zone collagen fibres are arranged perpendicular to the 72 subchondral bone thus anchoring the tissue to its bony bed [6] [7] [8] [9] [10] . 73
The functional properties of articular cartilage are dependent on this unique structure 74 and biochemical composition [11] [12] [13] . Confined and unconfined compression tests are 75 commonly used to determine the material properties of articular cartilage. When cartilage is 76 loaded in compression, a loss of tissue volume occurs due to fluid exudation from the tissue. 77
These effects give rise to time-dependent viscoelastic behaviours such as creep and stress 78 relaxation [2] . During stress relaxation testing, upon reaching equilibrium no hydraulic fluid 79 *Manuscript Click here to download Manuscript: Manuscript.doc
Mechanical Testing-Full Thickness Osteochondral Cores 130
Osteochondral cores (n=9) were transferred to a confined compression chamber (Fig. 1A) and 131 attached to a standard materials testing machine with a 20N pancake load cell (Zwick Roell 132 Z005, Germany; resolution <0.5%). A preload of 0.05N was applied to ensure contact 133 between the articular surface and the porous indenter (30μm porosity, Aegis Advanced 134 Materials Ltd., Worcestershire, UK). Cores were kept hydrated through immersion in a PBS 135 bath at room temperature. Stress relaxation testing was performed, where a series of 136 compressive strains were applied in increasing steps of 10% strain to a maximum of 30% 137 strain. At each strain increment, peak strain was achieved within 500 seconds and the 138 equilibrium stress was recorded after a relaxation period of 1800 seconds (Fig. 1B) . 139
Preliminary tests revealed that 1800 seconds was a sufficient relaxation period to allow the 140 samples to fully equilibrate at all loading magnitudes previously outlined. A 1% amplitude 141 sinusoidal strain was superimposed directly after relaxation at each static strain increment at a 142 frequency of 1Hz for five cycles at a 0.01%/s strain rate (Fig. 1B) . The aggregate modulus 143 was calculated as the equilibrium force divided by the specimen's cross sectional area 144 divided by the applied strain, whilst the dynamic modulus was calculated as the average force 145 amplitude divided by the specimens cross sectional area divided by the average strain 146 amplitude for all cycles. After dynamic testing the superficial region of the cartilage was 147 removed (Fig. 1C ) using customised cutting tools for further testing in confined and 148 unconfined compression. To ensure removal of the entire superficial region, and upon review 149 of histological characterisation (Figs. 2 and 4), this section was taken as the top 25% of the 150 total cartilage thickness from the articular surface [17, [34] [35] [36] . The remaining osteochondral 151 core was then placed back into the confined compression chamber and retested using the 152 same test sequence as outlined above. 153
For unconfined compression testing (Fig. 1D ), osteochondral cores (n=7) were placed 154 between two impermeable steel platens with and without their respective superficial regions. 155
An identical testing regime to that described for confined testing was implemented, 156 consisting of both stress relaxation and dynamic compression testing. 157 158
Layer Specific Testing 159
In order to elucidate the layer specific material properties individual layers were tested 160 without the subchondral bone in confined and unconfined compression under the same 161 testing sequence as was applied to the osteochondral cores. In order to quantitatively analyse these histologically stained sections, TIFF images 197 were converted to greyscale and stored as 8 bits per sampled pixel which allows 256 intensity 198 levels or shades of grey. Among these light intensity levels, black or complete lack of light is 199 represented numerically as zero whilst pure white is represented as 255. Converted images 200
were analysed for intensity levels with depth from the articular surface using MATLAB 7.0. 201 (Mathworks, Cambridge, UK). 202 203
Polarised Light Microscopy (PLM) 204
Polarised light microscopy is an optical microscopy technique used to study structural 205 orientation of anisotropic materials such as articular cartilage. Essentially, a polariser filter 206 placed after the light source on a microscope ensures only linearly polarised light is 207 transmitted to the specimen. Optically anisotropic materials change the direction of the 208 polarised light, which is known as birefringence [38] . PLM exploits the natural birefringence 209 of cartilage which varies through the depth of the tissue due to the orientation and the 210 alignment of collagen fibres. As this birefringence can be fairly weak and difficult to detect, 211 picrosirius red staining was performed to enhance visualisation with polarised light [39] . In 212 an effort to reduce birefringence of the surrounding matrix all GAGs were digested prior to 213 imaging. Briefly, sections were incubated for 90 min at 37°C in a 0.5% pre-warmed papain 214 solution (pH 4.43) and then rinsed in distilled water prior to staining [40] . In articular 215 cartilage, PLM reveals the highly organised collagen structure of the superficial region and 216 deep zone as two birefringent regions, separated by a non-birefringent and hence randomly 217 organised middle zone [38] . 218 219
Statistical Analysis 220
Statistical analysis was performed using a two way ANOVA with Tukey's post-hoc test for 221 multiple comparisons, whilst two sample t-tests were used for unpaired data sets. All tests 222 were performed using the statistical software package MINITAB 15.1 (Minitab Ltd., 223
Coventry, UK). Numerical and graphical results are displayed as mean with uncertainty 224 expressed by 95% confidence intervals (CIs): mean (upper limit, lower limit). Significance 225 was accepted at p ≤ 0.05 or as indicated. Sample numbers varied according to respective 226 comparison and are outlined in the results section of this manuscript. 227 228
Results 229
Polarised light microscopy revealed intensely birefringent and hence highly organised 230 collagen structures in the superficial region and deep zone of the tissue; fibrils appear 231 orientated parallel to the articular surface in the superficial region and perpendicular to the 232 subchondral bone in the deep zone (Fig. 2) . 233
Biochemical analysis revealed a lower (p=0.027) sGAG content in the superficial 234 region compared to the remaining tissue, with no significant difference (p=0.426) in the total 235 collagen content between the two regions (Fig. 3 ). Histological analysis with safranin O 236 staining correlated with the results of the sGAG biochemical assay, displaying decreased 237 staining in the superficial region. The picrosirius red stained sections demonstrated a more 238 complex spatial distribution of collagen through the depth of the tissue, with the superficial 239 and deep regions staining intensely for collagen and a more moderate staining in the middle 240 region (Fig. 2) . Significantly higher light intensities were measured in the superficial region 241 of the safranin O stained sections (p=0.026) (Fig. 4) , indicating less intense staining in this 242 region of the tissue and hence a lower sGAG content. Picrosirius red stained sections 243 displayed highest light intensity in the middle zone, with lower intensity values in the 244 superficial and deep regions suggesting higher collagen content in these zones (Fig. 4) . 245
Hence, removal of the superficial region exposed a low-collagen region. (26.6, 34 .58) MPa) respectively. 259
The ratio of the peak stress to equilibrium stress during stress relaxation testing (Fig. 6) at 260 10% strain in unconfined compression significantly reduced (p=0.006) upon removal of the 261 superficial region from 2.07 (1.89, 2.25) to 1.68 (1.47, 1.9) suggesting a reduced ability to 262 maintain fluid load support. 263
Layer specific mechanical testing revealed a similar trend of increasing aggregate and 264 equilibrium moduli with depth, whilst in general the confined and unconfined dynamic 265 moduli of the superficial region was lower than the remaining cartilage (Fig. 7A, B) . 266
Experimental data fit to a linear bi-phasic model of articular cartilage in confined 267 compression revealed a significantly lower hydraulic permeability in the superficial region 268
( 
Discussion 272
The objective of this study was to test the hypothesis that removal of the superficial region of 273 the tissue will influence both the flow dependent and independent properties of articular 274 cartilage, leading to an increase in the equilibrium modulus but a reduction in the dynamic 275 modulus of the tissue. In confined compression, significant increases in the aggregate 276 modulus (H A ) of the osteochondral cores upon removal of the superficial region were 277 observed, which is in agreement with the literature [12, 14, 18, 28, 41] . This rise in stiffness 278 corresponded with a significant increase in sGAG content with depth from the articular 279 surface [42] [43] [44] [45] . However, while removal of the superficial region increased the aggregate 280 modulus of the remaining tissue, a significant reduction in the dynamic modulus was 281 observed. This is despite the fact that when tested in isolation the dynamic modulus of this 282 layer at high offset strains was significantly lower than the remaining tissue in both confined 283 and unconfined compression as has been observed in previous studies [33, 46] , confirming 284 that in isolation the superficial region is the softest part of the tissue in compression. 285
While the finding of an increased equilibrium modulus upon removal of the 286 superficial region is intuitive, the finding that the dynamic modulus decreased with removal 287 of this soft layer requires further discussion. The reduction in dynamic modulus may be 288 partially explained by geometric effects. Consider first the gel diffusion time, given by 289 (s), where in confined compression is given by the height (m) of the sample, 290 is the aggregate modulus and ( 4 -1 -1 ) is the hydraulic permeability [17, 47] . By 291 reducing the sample height, this effectively reduces the gel diffusion time. Therefore for any 292 given loading frequency, this would imply lower interstitial fluid pressurisation based on the 293 assumptions of a linear biphasic model of articular cartilage [17, 48] . This reduction in fluid 294 pressurisation could contribute to the lower dynamic modulus observed upon removal of the 295 superficial region. The reduced sample height may also partially explain the lower dynamic 296 modulus values of the isolated regions in confined compression versus the full thickness 297 osteochondral cores. 298
Another explanation for this reduction in dynamic modulus is the significantly lower 299 (p=0.028) permeability in the superficial region compared to the remaining cartilage 300 (obtained from fits of our data to a linear biphasic model). This low permeability region 301 essentially acts as a barrier to fluid flow and its removal is speculated to lead to reduced fluid 302 pressurisation in the tissue during dynamic loading. It has previously been hypothesised that 303 the permeability of this region of the tissue is due to the high concentration of tightly woven 304 collagen fibrils orientated parallel to the articular surface resulting in a system of much 305 narrower channels offering a greater resistance to fluid flow [1, 14, 26, 49] . Once compressed 306 this fibrillar sheet is compacted and further restricts fluid exudation [50] . After removal of the 307 superficial region, more fluid can escape during cyclic loading than in intact tissues. 308
Histological analysis of the tissues tested as part of this study (Fig. 2) During unconfined compression fluid will exude radially out of the sides of the 321 cylindrical samples. As all sample diameters were identical geometric effects will play no 322 role. It should be noted that with this testing modality the tissue is allowed to bulge radially 323 and collagen fibres, particularly those orientated perpendicular to the direction of loading in 324 the superficial region, can play a key role in maintaining fluid load support by preventing 325 lateral expansion of the tissue [11, 28, [52] [53] [54] . This may explain the significant drop 326 (p=0.006) in the ratio of peak stress to equilibrium stress at 10% strain observed during 327 unconfined compression upon removal of the superficial region of the tissue (Fig. 6) . 328 A significant increase in dynamic stiffness with increasing magnitudes of the offset 329 compressive strain was observed in confined and unconfined compression for osteochondral 330 tissue cores and isolated layers (Figs. 5, 7) . This strain dependent increase may be due to a 331 deformation induced decrease in tissue permeability, i.e. increasing compaction of the 332 collagen network offering increased frictional resistance to the flow of interstitial fluid [21, 333 55-57] . In a similar manner, compressive strain of the cartilage will cause compaction of the 334 proteoglycans in the tissue which will in turn increase the fixed charge density in the tissue 335 further decreasing tissue permeability [25, 26] . 336
There are potential limitations associated with this study. The porcine tissue tested 337
was not skeletally mature and therefore its collagen architecture does not equate that of fully 338 mature samples, although our analysis confirmed a tissue organisation that mimics key 339 aspects of the architecture of adult cartilage (Fig. 2C) classically defined as the superficial zone, this percentage ratio was based on previous studies 348 [17, [35] [36] [37] and our own analysis of picrosirius red stained histological sections (Fig.2) and 349 pixel intensity profiles (Fig.4) which show a dense collagen content in the upper ~25% of the 350 total cartilage thickness. In tissue that has reached full skeletal maturity, the superficial zone 351 of the tissue is thinner, pointing to the dynamic nature of collagen modelling and remodelling 352 during skeletal development [58] . Preliminary studies whereby only the top 10% of the total 353 cartilage thickness was removed (data not shown) showed no statistically significant decrease 354 in the dynamic modulus of the remaining tissue upon its removal. This suggested that the 355 entire superficial region with its high collagen content was not removed, although 356 geometrical effects as discussed above may also play a role. Another possible limitation to 357 the experimental approach adopted in this study is that part of the transitional zone of the 358 tissue may also have been removed during slicing. The biomechanical function of the 359 transitional zone has yet to be fully elucidated. Therefore as it isn't possible to accurately 360 separate the superficial region from the transitional zone using the present experimental 361 setup, we cannot exclude the possibility that removal of part of this region of the tissue is also 362 contributing to our experimental findings. 363
A biomechanical failure of the collagen network in the superficial tangential zone is 364 postulated in many hypotheses as related to the development of osteoarthritis [14, 59, 60 ] 365
Computational models have also been used to demonstrate how a viable superficial zone is 366 critical to achieving long term survival in repairing articular cartilage [61, 62] . This study 367 demonstrates that although this layer is less stiff than the remainder of the tissue in 368 compression, it plays a key role in elevating the dynamic material properties of the tissue. 369 This is presumably achieved by generating higher fluid load support due to its dense collagen 370 fibre network and organisation and hence low permeability. Taken together these studies 371 highlight the importance of understanding the role of the superficial region in articular 372 cartilage development and degeneration, and in the design of novel tissue engineering 373 approaches to cartilage regeneration. Future studies will explore how and why these 374 
